ABSTRACT More than four decades have passed since the completion of the checklist by Moser and Blum (1960) of the ants of Louisiana. This research represents a signiÞcant contribution to and an update of their work. This report is the Þrst-ever comprehensive assessment of the formicid fauna of Louisiana. One hundred thirty-two species from 40 genera and nine subfamilies were found. Information on how Louisiana ant fauna compares to that of adjacent states and Nearctic fauna are provided. Interesting results include the identity of exotic and pestiferous species, missing species, species lost, and previously unreported species.
Recently, basic natural history studies have been rekindled, and classical taxonomy and systematic research have begun to reemerge (Wilson 2000) ; yet, resources to study biodiversity are deteriorating (Edwards 1994) . Additionally, mass decline of species diversity has resulted in new methods to address conservation practices and environment assessments (Agosti et al. 2000) . Long-term surveys and rapid assessments that create "pictures" of local diversity often produce regional lists. These lists not only aid in future research but also beneÞt regional communities by raising local awareness. Studies that assess biodiversity, community composition, and basic ecology of a regional biota are badly needed (Agosti et al. 2000) .
One taxon receiving attention in biological surveys is the insect order Hymenoptera (LaSalle and Gauld 1993 , Agosti et al. 2000 . This order is hyperdiverse, and this biodiversity is signiÞed by the lack of a "unifying common name" (LaSalle and Gauld 1993, Gauld and Bolton 1988) . In terms of numbers, dominance, and ecological importance, hymenopterans are vitally signiÞcant to all terrestrial ecosystems (LaSalle and Gauld 1993) . The ants (Formicidae) are one family within this order that can be used to exemplify the importance of insects and biodiversity (LaSalle and Gauld 1993, Agosti et al. 2000) . LaSalle and Gauld (1993) noted that ants strongly inßuence the functionality of ecosystems by domination because of their massive biomass, manipulation of species composition, and inßuence on trophic interactions. Ants are commonly used as bioindicators in Australia (Anderson and Majer 2004) . Additionally, ants possess numerous mutalistic and symbiotic relationships and shape both the abiotic (e.g., moving soil) and biotic (e.g., plantÐ ant mosaics) matrix of community interactions (Kaspari 2000) . Finally, ants are important components of ecosystems, because they Þll numerous niches and often act as "keystone species" in the roles of predators, mutualists, and resource species (Hö lldobler and Wilson 1990, LaSalle and Gauld 1993) .
For this current study, ants were chosen to be examined because of the aforementioned reasons of importance to ecology and because some are pest species. In addition, Louisiana lacks comprehensive and contemporary information about the regional ant fauna. Only one article focused on the fauna of the entire state (Moser and Blum 1960) . Dash (2004) commented on the lack of "interest" by historical myrmecologists in regards to Louisiana. He noted that M. R. Smith and W. M. Wheeler, both noted mymecologists worked in the adjacent states and collected in Louisiana, but never produced a list. Overall, Louisiana has received limited myrmecological attention; but there are some exceptions, such as Brown (1964) , Bolton (2000) , and MacKay (2000), all of whom cite specimens that were collected from localities in the state.
The list of ants generated by Moser and Blum (1960) records 128 potential species for Louisiana. In this article, we amend this list to reßect taxonomic revisions and actual occurrence in the state. Fifty-nine species from Moser and Blum (1960) were actually recorded from Louisiana, with the remainder of the species (after considering synonyms) being presumed to occur within the state (Dash 2004) . These species were recorded in adjacent states and were hypothesized to occur in Louisiana. The assumption of species overlap requires reevaluation for those species because of heterogeneity of habitats in Louisiana and adjacent states. In addition, an update to include recently found or newly introduced species was needed.
The current study investigates two research objectives: determine the biodiversity of ants in Louisiana and determine the composition of pest and exotic species in the state.
Materials and Methods
Study Area. Louisiana is located in the south-central part of the United States (29 Ð33Њ N, 89 Ð94Њ W). It is bordered to the west by Texas, to the north by Arkansas, to the east by Mississippi, and by the Gulf of Mexico to the south. The land area of Louisiana is 112,835 km 2 . The state is 611.5 km in length and 209.2 km in width. The average elevation above sea level is only 30.5 m. The highest point is 163 m (Driskill Mountain) above sea level and the lowest is Ϸ2 m (New Orleans) below sea level. The climate is considered subtropical. Louisiana has eight bioregions that include the Mississippi river alluvial plain, tunica loess hill, coastal prairie, coastal marsh, southern mixed pineÐ hardwood forest, east gulfÐ coastal plain longleafÐpine forest, west gulfÐ coastal plain longleafÐ pine forest, and northwestern mixed pineÐ hardwood forest (The Nature Conservancy of Louisiana 2002).
Sampling Protocol. Assessment of species diversity in Louisiana involved three phases: 1) an extensive literature review, 2) visiting museum and regional holdings of ants, and 3) Þeld surveys. The literature review included evaluation of ecological and natural history studies conducted in Louisiana and search for distributional or state records in taxonomic revisions and other regional taxonomic studies. Collections that the primary author visited were Louisiana State Arthropod Museum, Florida State Collection of Arthropods, Mississippi Entomological Museum, and the holdings of the Southern Forest Research Station in Pineville, LA, where portions of the Moser and Blum collection is held. Specimens were borrowed from other researchers, and material from previously conducted studies in the red imported Þre ant laboratory at Louisiana State University (LSU) was examined.
Survey sites were systematically chosen based on accessibility and location within an ecoregion. Louisiana has little public land; sites were selected from wildlife management areas, state parks, and national forests in each ecoregion and major ecosystems. These ecosystems included long-leaf pine savannah, bottomland hardwoods, upland-pine savannah, pine-ßatwood savannah, beech magnolia, woodland, cypress swamp, mixed pine hardwood, and small and large urban areas. In this study, each sampling event consisted of one intensive sampling period of Þve or more hours per site and occurred from December 2002 to July 2004. In total, 37 sampling events occurred in the 2-yr study period. This intensive sampling was augmented with numerous less intensive opportunistic sampling events.
At each selected site, a modiÞcation of the ants of leaf litter (ALL) protocol (Agosti et al. 2000) was performed. The ALL protocol involves an extended period of sampling, with transects of pitfall traps, sifting events, baits, and directed hand collecting (Agosti et al. 2000) . Care was taken to design sampling methodology that addresses all facets of the ALL protocol. This modiÞed protocol included sifted (Berlese) samples, sweeps with net, bait transect samples (sampling both arboreal and ground), and opportunistic collecting. Pitfall traps were in the original protocol but yielded few unique specimens, and they were abandoned.
All debris including humus, litter, and the topmost layer of soil was collected by hand and sifted. Larger pieces of the ground cover, such as twigs and logs, were broken and sifted. When found, dead animals, fungi, and other ephemeral microhabitats were sifted as well. All material was placed into a sifter (mesh size 1 by 1 cm) and sifted into cotton bags (pillowcases) with Þeld labels for a total of 9 kg for each site or macrohabitat. This material was chilled until brought back to the laboratory then placed in a Berlese funnel for a period of 24 Ð 48 h to collect all ants in the litter (other taxa were deposited in the Louisiana State Arthropod Museum).
To further sample for ants, bait traps, sweeping, arboreal, and directed opportunistic collecting were completed. Bait was placed in ten 20-ml glass scintillation vials with 3-ml of honey in Þve vials and 4 g of protein material (one-quarter slice of Vienna sausage) in Þve others. Baits were placed three meters apart from each other on transect. This was done for 125 samples, and then the scintillation vials were replaced with 12-ml plastic snap-cap vials because the plastic vials did not retain heat like the glass vials did. The honey and sausage baits were replaced with short bread with pecan nut cookies because the cookies had sugar, oils, and carbohydrates (Cover and Fisher, personal communication) . Both types of traps remained open for 1 h. If an area had Ͼ30% vegetation higher than 3 m, a random or systematic placement of the arboreal bait vials was used. If the sample area had only a few trees or shrubs, then baits were placed in a systematic fashion of one bait vial for every tree or shrub. Where trees and shrubs were more homogeneous in distribution, then 10 baits placed at 1.5 m high in a transect across the vegetation, and the baits were left open for 1 h. Vials were then Þlled with ethanol and a Þeld label was added.
In addition to bait traps, a series of 10 sweep samples were taken with a BioQuip standard sweep net where vegetation was taller than 1 m for 50 sweeps per sample. Vegetative debris was removed, and the ants were directly aspirated from the net. In addition to the methods above, logs, rocks, trees, and other likely places that ants colonize were searched. Ants were collected with a 9-dram aspirator (Rose Entomology, Benson, AZ). At the end of sampling, vials were Þlled with ethanol and a Þeld label added.
Processing, Identification, and Analysis. Samples were returned to the laboratory at Louisiana State University for processing. For each sample, ants were sorted from debris and identiÞed to genus. Sorted specimens were placed in 4-dram glass vials with proper labels noting country, state, parish, nearest town locality, global positioning system coordinates, date, collection method, ecological information, and collector. When Ͼ10 individuals were present, six were removed, mounted, and labeled; the rest remained in the vial. For those vials with 10 or fewer specimens, all were mounted and labeled. All specimens were identiÞed to species and counted.
IdentiÞcations were made with numerous taxonomic publications. Basic identiÞcation to genus was accomplished with Creighton (1950) and Bolton (1994) . Creighton (1950) and later revisionary studies were used for species identiÞcations (Table 1 ). All specimens were identiÞed to species or genus if species identity could not be made. Voucher specimens are deposited in the Louisiana State Arthropod Museum, in the LSU Red Imported Fire Ant Formicidae Reference Collection, and the others are retained in the primary collection of S.T.D.
A species-by-sample-matrix was created for 119 species and 37 sites. This was done with a list of species actually collected, not including those identiÞed as being only from the literature and museums. The specimens that were given to us from friends and colleagues were not used in this analysis. An Excel Þle was created and imported into EstimateS version 7.0 (Colwell 2004) in which the diversity statistics program was used to generate species accumulation curves. Species accumulation or Mao Tau curves ( Fig. 2 ) (Colwell 2004) were plotted from EstimateS (Colwell 2004 ) output generated from a matrix with 35 sampling events (effort) and 119 species.
Results and Discussion
This research examined nearly 142,000 specimens and found 132 species (Tables 2 and 3 ) in contrast to Moser and Blum (1960) who listed 59 conÞrmed species. It conÞrmed 25 of the presumed species of Moser and Blum (1960) (Table 3 ). Twenty-four of all ant species collected (Table 3) were considered previously unreported in Louisiana. Recently published research lists a few of these (Colby and Prowell 2006) . LouisianaÕs ant fauna represents only 13.1% of the Nearctic species, and it is composed of 40 of the 70 Nearctic genera and nine of the 10 Nearctic subfamilies ( Table 2) .
The line representing observed species (Fig. 1 ) does not plateau, suggesting that not enough collections were done to capture all ant species in the state. The observed species curve is not linear, which would also represent an undersampled fauna. This suggests that the majority, but not all of the species were procured (Longino 2000) . This curve is presented with only species collected by the authors at 30 Þeld sites in this current study; and museum, literature, or ants collected by others were not used in the calculations. Jackknife, MichaelisÐMenten, and incidence based coverage estimator model (ICE) prediction measures indicate that the 119 collected species represent 96, 95, and 100%, respectively, of the species in the state (Fig. 1) . Nevertheless, the number of singletons may suggest more collections may be needed to depict the complete ant species diversity in Louisiana because 23 species or 17.4% of the species encountered are represented by singletons. However, the species represented are the most common and widespread species in the state.
Even though predictors of species estimates suggest the survey of Louisiana ants is nearly complete, we think that it is likely more species will be found, and we propose at least 25 more species (Table 4) are likely to be collected. This list was compiled in consultation with regional lists, and a review of some speciesÕ natural history. The majority of these species are widespread in the Nearctic, and many are not only in adjacent states but also in all the states of the southeast, and some are nearly bicoastal. Amblyopone pallipes (Haldeman) is an example of a species likely to be found in the future. In Mississippi, A. pallipes occurs in moist woodlands (Smith 1928a) , and it is relatively common (C. McGowan, personal communication). Amblyopone pallipes Õ range is Ontario south to Florida west to California; yet, it has not been Wheeler and Wheeler (1985) ;
h Turner and Cook (1998) ; and i Compiled from literature from table 1, Creighton (1950) and Smith (1965) . collected in Louisiana. Recently, one A. pallipes was found in backlogged material suggesting that future work may reveal more species. One other example is Odontomachus brunneus (Patton), which has a range that includes Alabama east through Georgia south to southern Florida (Deyrup and Cover 2004b) . It has not been found in Louisiana; Deyrup and Cover (2004b) note there is no reason why this species would not occur in the state, at least in coastal areas (which were not sampled extensively in this study).
Of the species recorded from Louisiana, none are considered endemic. The ant fauna composition partially overlaps with each of the surrounding states (Fig. 2) . LouisianaÕs species composition is composed of 49, 36, and 62% of species also found in Mississippi, Texas, and Arkansas, respectively (Fig. 2) .
Twenty exotic species are recorded for Louisiana (Table 3) . Three of these exotics also represent species that were considered previously unreported in Louisiana: Pachycondyla stigma (F.), Tapinoma melanocephalum (F.), and Brachymyrmex patagonicus Forel. Of the 20 exotic species, the majority are regarded as widely distributed alien species. Nine of these are considered pestiferous (Dash et al. 2005) . Dash et al. (2005) lists 15 species as being pestiferous, with Þve species of major economic importance. Six (Wheeler) , N. swainsoni (Shuckard), Mycetosoritis hartmanni (Wheeler) , Pyramica bunki (Brown) , P. pillinasis (Forel), P. pulchella (Emery)] are not frequently encountered or collected species. For example G. hartmanni has only been collected in the United States Þve times (Wheeler, 1915 , Echols 1964 , MacKay and Vinson 1989 , Cook 2003 , Longino 2004 . N. moseri has only been collected on few occasions: in the nest of Atta texana (Buckley) (three times) and under a rock in Texas (Watkins 1971 (Watkins , 1968 . Other species, such as N. melsheimeri, N. pauxillus and, N. swainsoni, are often difÞcult to collect given their subterranean habits. Also, it is often necessary to collect males, especially N. swainsoni, which is only known from males. In addition, three species of Pyramica must be collected by sifting leaf litter or decaying log material because they are cryptic species.
Of those missing species regularly collected, some are small and often not obvious. However, the lack of Pogonomyrmex specimens (except a small population of P. comanche in one location) has puzzled the authors. The failure to collect these large, and noticeable species is not because of lack of sampling effort. Trips to areas previously known to have these species have yielded only few specimens from one locality. A large, diurnally active ant with obvious nest characteristics would have been noticed by the authors. It is possible that two of the three species have been eliminated from the state. It is possible that S. xyloni was eliminated also; it, too, was a previously prominent component of the ant fauna in Louisiana (Baroni Urbani and Kannowski 1974 , Markin et al. 1974 , Howard and Oliver 1979 .
The current state of community composition across habitats in Louisiana was not directly addressed by this study, and information gained in that regard was biased by sampling protocols. Sampling events were limited to public lands, such as wildlife management areas, state parks, and other easily (and legally) accessible areas. These wildlife management areas are often managed as pine plantations or for game species (Louisiana Department of Wildlife and Fisheries 2003) . The majority of dominant tree and understory species are the same from ecoregion to ecoregion (Louisiana Department of Wildlife and Fisheries 2003), which may explain why our species numbers are lower than some surrounding states that have more diverse ecosystems and differing elevations. Sampling also may have occurred in a homogeneous environment, which may not represent "natural" areas of Louisiana. Whereas state parks have not had the same management practices, they are still relatively modiÞed areas, with roads, trails, campgrounds, and human disturbances. With such levels of disturbance and modiÞcation of land, there exists a large amount of habitat edges. These edge-affected areas are nearly always dominated by S. invicta. In fact, S. invicta was collected by every method used, and was even collected in a well-decayed log in an atypical habitat (for S. invicta) characterized as a closed canopy forest and a very damp riparian zone. This suggests this species may be able to disrupt community makeup in nondisturbed areas.
Examination of available literature indicates some possibilities for LouisianaÕs ant community composition. Three factors that may be major contributions to LouisianaÕs formicid fauna are 1) presence of two highly successful, aggressive, and overlapping invasive species Linepithema humile (Mayr) and S. invicta; 2) widespread use of Mirex in the 1960s and 1970s; and 3) environmental alteration from human activities.
A small population of P. comanche was recently found in Bienville Parish in the sandy open habitat it prefers. The conßuence of the aforementioned factors may explain local extirpation of Pogonomyrmex (except for the small area in Lucky, LA, in Bienville Parish) and other species with the three potential causes 1) S. invicta; 2) pesticides, including Mirex; and 3) human practices such as introduction of non-native bunch grasses and habitat alterations (pine plantations). An explanation why more P. comanche, was not encountered also may be based on human practices. Before 1985, these ants were common and in some areas abundant in southwestern Bienville Parish (10.36 km 2 area of lucy soils; J. Moser, personal communication) . This same area is now a pine plantation. Cook (2003) reports that this species requires open areas and survives better in nonshaded areas. Manipulation of preferred habitat into areas may have led to the extirpation of P. comanche from most areas of the state. Additionally, Markin et al. (1974) found that after an area was treated with Mirex, P. badius was eliminated from the areas and failed to recolonize a year after treatment. But, S. invicta was able to recolonize the entire area at higher densities than before 6 mo after treatment. The efÞciency of colonization of S. invicta suggested by Markin et al. (1974) demonstrates the difÞculties of native fauna to reestablished or colonize an area after destructive disturbance. It is important for this small remnant population of P. comanche to be protected. Effects of pesticides can be observed in other species in addition to P. badius. Mirex use was widespread in the southern United States. More than 4.04685 million hectares was treated per year (Markin et al.1974) . Markin et al. (1974) conducted a study of the effects of this pesticide on nontarget ant species. Twenty species were found before treatment. S. invicta rapidly reinvested the area, and 6 mo after treatment 1,000 nests per ha were found, which was "more abundant than before treatment" (Markin et al.1974) . S. xyloni, P. badius, Monomorium minimum (Buckley), failed to reestablish after treatment for the rest of the study. S. invicta adversely affect native ant communities by reinvading in higher densities thereby dominating an area (Markin et al. 1974, Baroni Urbani and Kannowski 1974; Glancey et al. 1976) . Also, polygynous nests of Þre ant colonies increase the severity of displacement and competition on native ant fauna to a higher degree than that of monogyne colonies (Porter and Savignano 1990) . The research of Cook (2003) supports the idea that invasive species alter the shape of community assemblages; S. invicta changes what species are the dominant species. Sanders et al. (2003) found similar results for L. humile, concluding that L. humile not only reduces diversity of native species but also reorganizes the ant community. The idea that L. humile has negative effects on ant communities by displacement of species is not limited to natives ants; this species has been found to also have similar affects on other introduced species as well (Erickson 1971) . Our research suggests that LouisianaÕs current faunal composition may have been synergistically shaped by with the invasions of S. invicta and L. humile, habitat manipulation, and potentially because of widespread use of pesticides.
Comparisons of methods in regards to total ant specimens collected are found in Fig. 3 . These numbers were pulled from all specimens that had collecting information associated with them. Results indicated that three methods predominately collected the most specimens. Bait (72.10%), ßight intercept traps (10.97%), and pitfall traps (11.69%) collected 94.76% of the 81,484 specimens examined. Of the other methods used, sifting collected 2.29%, whereas opportunistic hand collecting accounted for 2.12%, with black lighting (0.14%), and sweeping 0.65%) providing Ͻ1% of the total material. Yet, these numbers are skewed because of large numbers of S. invicta creating artifacts in samples (Fig. 3) . When Þre ants are removed, bait, ßight intercept and pitfall traps still account for the majority (79.72%) of specimens collected. But, other methods now make up 20.20% of the ants collected, whereas they only made up 5.2% of the total specimens when S. invicta was in the calculations. An extreme example of how S. invicta affects total specimens collected is exempliÞed in the bait data (Fig. 4) . Baits collected a total of 58,752 specimens, and all but 5,868 specimens were red imported Þre ants.
Our results indicate that certain collecting techniques yielded more specimens in terms of species diversity. Our data suggest that sifting, pitfall, ßight intercept and baits traps collect high numbers of species and individual ants. Data from Fig. 4 suggest that pitfall traps contributed more specimens than sifting. It should be noted that Martelli et al. (2004) compared sifting with two sizes of pitfall traps in an eastern deciduous forest. They found that their "litter sifting captured over ten times as many individuals as pitfall traps of either size." Sifting yielded 2,343 specimens and pitfall traps only yielded 292 specimens in their study. Also important is "litter sifting yielded more individuals, species, and more occurrences of most species than did pitfall traps." However, neither method was perfect, each failing to "capture all species" with their accumulation curves suggested more species could be collected with a combination of the two methods (Martelli et al. 2004) . Results summarized in Figs. 3 and 4 indicate that sifting, pitfall, ßight intercept, and bait traps along with hand collecting opportunistically are good methods for sampling ants in Louisiana. Nevertheless, bait traps need to be modiÞed in context of bait medium often used. The use of honey and Vienna sausage, hot dogs, and tuna Þsh should be abandoned in all studies that require identiÞcation and future housing of dry specimens. The honey and oils from the proteins is very difÞcult to remove. In addition to the difÞculty in identiÞcation of the specimens, we have found if the specimens are not properly cleaned, they will rot. Future research needs the cooperation and contributions of extension personnel and pest management professionals, because they may add more exotic species and achieve a better understanding the distribution of pest and common species. Other ideas on future research would include comparisons of collection methods across habitat types and communities in terms of diversity and composition. Future investigations should include why some species occur in all communities. In-depth natural history studies of little known taxa such as N. moseri or G. hartmanni would be excellent areas to focus research. Finally, exploration of unique habitats in Louisiana such as the Tunica Hills area and the pine-dominated forest of the central part of the state such found in the area of Lucky in Bienville Parish, and Kistachie National Forest areas in Natchitoches and Rapides parishes is needed. These latter habitats have interesting taxa such as A. texana, G. hartmanni, and P. comanche, in addition to having a high diversity of Neivamyrmex. Additionally, this study has provided necessary information for studies of the effect of Hurricane Katrina on LouisianaÕs ants. In conclusion, we have determined the ant species diversity in Louisiana includes 132 species with 25 species likely to be encountered in the future studies. In future studies, the use of multiple methods may yield unreported and new species.
